Objective: The objective of this study was to analyze how fat partitioning in the liver, muscle and visceral compartments is altered by diabetes and age, and whether altered fat distribution is associated with a higher carotid artery intima-media thickness (C-IMT) and insulin resistance. Methods: This was an observational study performed on 21 young healthy men (mean age±s.d., 28.6±3.8 years) and 73 men with newly developed type 2 diabetes (38 young (29.2 ± 4.1 years) and 35 middle-aged (47.1 ± 6.0 years) subjects). Abdominal visceral and subcutaneous fat areas, mid-thigh muscle attenuation and liver attenuation characteristics were determined; the mid-thigh muscle was divided into low-and normal-density muscle areas. Results: The young and middle-aged diabetic subjects had higher visceral fat areas, higher liver attenuation and higher lipid-rich muscle (greater low-density muscle area and decreased muscle attenuation) when compared with healthy individuals; however, no differences were observed between the two diabetic groups. In contrast, the C-IMT increased with both age and diabetes. On the basis of multiple regression analyses, mid-thigh low-density muscle area and muscle attenuation were independently associated with the C-IMT, and the mid-thigh normal-density muscle area and muscle attenuation were independent factors of insulin resistance. Conclusions: High fat stores within ectopic compartments were observed at an early stage in the development of diabetes. Furthermore, altered lipid partitioning within muscle was independently associated with carotid atherosclerosis and insulin resistance.
Introduction
The prevalence of obesity is increasing throughout the world. 1 Obesity is associated with a broad spectrum of cardiometabolic disturbances, including hypertension, dyslipidemia, glucose intolerance and even cardiovascular disease. 2 In particular, visceral obesity, as compared with overall obesity, might have a major role in the development of metabolic syndrome, cardiovascular disease, or both. 3, 4 Besides visceral obesity, however, accumulation of fat in the liver and muscle can exist in these conditions, independent of the degree of general adiposity. Many studies have shown that intra-hepatic and intra-myocellular lipid contents are closely related with insulin resistance and an adverse metabolic phenotype. [5] [6] [7] Thus, what seems to be more important than generalized adiposity is where the body fat is located. However, despite the importance of ectopic fat deposition, the association between fat deposition within muscle or liver and atherosclerosis or cardiovascular disease is yet to be fully elucidated. Furthermore, few studies have focused on the effect of diabetes on both visceral or muscular and hepatic fat accumulation. Identifying the site of ectopic fat deposition, which is strongly associated with the adverse phenotypes observed in type 2 diabetes, may help to develop a marker for screening subjects at the greatest risk.
Therefore, we evaluated the distribution of abdominal fat, the amount of lipid-rich skeletal muscle and the hepatic lipid content in healthy individuals and patients with newly diagnosed type 2 diabetes. Diabetic patients were divided into young and middle-aged groups, to exclude the effect of age on altered lipid partitioning during aging. We used the low-density muscle area and muscle attenuation as markers of lipid-rich skeletal muscle, 8 and liver attenuation as a marker of hepatic lipid content, 9 as assessed by computed tomography (CT). The aim of the study was to analyze whether diabetes is associated with altered fat partitioning in the abdominal cavity, liver and thigh muscle, and to evaluate what CT-determined indexes characterize carotid atherosclerosis and insulin resistance.
Subjects and methods

Subjects
In all, 73 men with newly diagnosed type 2 diabetes mellitus (38 young adults, 25-34 years of age; 35 middle-aged adults, 41-55 years of age) were consecutively recruited from the outpatient clinic. All patients had documented type 2 diabetes after two measurements of fasting plasma glucoses X7.0 mmol l
À1
. A total of 21 young men (25-34 years of age) with normal fasting glucose (fasting plasma glucose o5.6 mmol l
) and normal glucose tolerance (2-h postload glucose o7.8 mmol l À1 ), as assessed by a standard 75-g oral glucose tolerance test, were recruited as the control group. Exclusion criteria included a previous history of diabetes and treatment (oral hypoglycemic agents or insulin), severe hyperglycemia requiring insulin therapy (symptoms of diabetes or a fasting plasma glucose 413.9 mmol l À1 ), endocrinopathies other than diabetes, abnormal renal and hepatic function, a history of treatment with antiobesity medications or corticosteroids, a frequency of alcohol consumption X3 day per week, highly trained athletes and weight loss 43 kg during the past 3 months.
Body weight and height were measured in all subjects while they were wearing light clothing and no shoes. The waist circumference was measured at the midpoint between the lateral iliac crest and the lowest rib. All the participants underwent measurement of fasting plasma glucose, HbA1c, insulin, total cholesterol, high-density lipoprotein cholesterol and triglycerides after a 12-h fasting period. Low-density lipoprotein cholesterol was calculated using Friedewald's equation and, in this study, no subject had triglyceride level 44.5 mmol l Â fasting serum insulin [mU ml À1 ]/22.5). All subjects had measurement of abdominal fat distribution and amounts of mid-thigh muscle determined by CT. All participants signed consent forms, and the institutional review board of CHA University approved this study.
Computed tomography imaging
The abdominal subcutaneous and visceral fat areas and midthigh muscle area were quantified by non-contrast-enhanced CT (SOMATOM Sensation, Siemens, Munich, Germany).
With the subjects in a supine position, a cross-sectional scan at 10-mm thickness was obtained, centered at the L4-L5 intervertebral disc space to evaluate the distribution of abdominal fat. Visceral and subcutaneous fat boundaries were defined using a manual cursor. CT was also used to measure the cross-sectional area of mid-thigh muscle and muscle attenuation. A cross-sectional scan of the same thickness was obtained for the leg at the midpoint between the anterior superior iliac crest and the upper margin of the patella. In image analysis, the area of adipose tissue and skeletal muscle were measured by selecting the following regions of interest, defined by the following attenuation values: À30 to À190 Hounsfield units (HU) for adipose tissue and 0 to þ 100 HU for muscle. Mid-thigh skeletal muscle area was compartmentalized into a low-density muscle area (0 to þ 34 HU) and a normal-density muscle area ( þ 35 to þ 100 HU). 10 Skeletal muscle attenuation was determined by measuring the mean value of all pixels within the range of 0 to þ 100 HU. In addition, as a valid tool for measuring the fat content of the liver, we determined liver attenuation as the average measurement from three regions of interest (one from each hepatic lobe) in the cross-sectional image at the T11-12 intervertebral disc space.
Ultrasonographic measurement of carotid intima-media thickness (C-IMT)
The bilateral common carotid arteries were scanned using a high-resolution ultrasonographic system (Prosound a10, Aloka, Tokyo, Japan) with a 10.0 MHz linear transducer. Scanning was performed on the far wall of the mid-and distal-common carotid artery by a lateral longitudinal projection. The intima-media thickness was defined as the distance between the media-adventitia interface and the lumen-intima interface, and was measured 20 mm proximal to the origin of the carotid bulb using the intima-media thickness measurement software (Intimascope; Media Cross Co., Tokyo, Japan). 11 The C-IMT was the mean value of 99
computer-based points in the region. The same investigator performed all the ultrasonographic procedures used to estimate the C-IMT.
Statistical analysis
Continuous variables were reported as the mean ± s.d., and categorical factors were reported as percentages. The intergroup comparisons of the baseline characteristics were performed using analysis of variance, followed by Scheffe's post hoc test. Bivariate associations between the continuous variables were determined by using simple linear regression models. Multiple linear regression analysis was used to test the independent association between CT-determined Altered lipid partitioning in the early stages of diabetes S-K Kim et al anthropometric indexes and the C-IMT or HOMA-IR. We selected all CT-determined anthropometric variables that showed a significant association with C-IMT or HOMA-IR in bivariate analyses, a diabetes status and, in the case of C-IMT, the known important determinants of C-IMT such as age and HOMA-IR. A Po0.05 was considered significant. All statistical analyses were performed using SPSS software (version 11.0; SPSS Inc., Chicago, IL, USA).
Results Table 1 shows the clinical characteristics of the subjects based on glucose tolerance and age. Although there was a nonsignificant tendency of body mass index to increase in diabetic subjects, middle-aged subjects with type 2 diabetes had a higher waist circumference than healthy individuals. However, a difference in waist circumference between healthy individuals and young diabetic patients was not statistically significant despite a 7 cm difference (P ¼ 0.052), possibly owing to the smaller sample size. There were no differences in blood pressure and smoking habits across the groups. As expected, the fasting plasma glucose and HbA1c levels were higher in subjects with diabetes. Plasma triglycerides were higher, whereas high-density lipoprotein cholesterol was lower in diabetic subjects when compared with healthy controls. HOMA-IR was also higher in diabetic subjects. The abdominal visceral fat area increased dramatically with diabetes, despite no significant difference in the body mass index between healthy individuals and diabetic subjects. The abdominal subcutaneous fat area tended to decrease in both young and middle-aged diabetic patients when compared with healthy controls; however, this difference among the three groups was not statistically significant. Interestingly, as with the abdominal fat distribution, the mid-thigh normal-density muscle area decreased whereas the mid-thigh low-density muscle area increased in diabetic subjects. Mid-thigh muscle and liver attenuations were lower in diabetic subjects when compared with healthy controls. We expected to find a more adverse lipid partitioning, such as greater abdominal visceral fat area or mid-thigh low-density muscle area or lesser mid-thigh normal-density muscle area or muscle attenuation, in middle-aged diabetic patients compared with young patients. However, the differences in these measurements between young and middle-aged diabetic groups were not statistically significant. The C-IMT was highest in the middle-aged diabetic subjects; the difference in C-IMT between healthy young individuals and young diabetic subjects was significant.
On the basis of bivariate analyses (Table 2) , the abdominal visceral fat area was positively correlated with the mid-thigh low-density muscle area (r ¼ 0.511, Po0.01), and inversely with liver attenuation (r ¼ À0.441, Po0.001) and mid-thigh muscle attenuation (r ¼ À0.368, Po0.01). The body mass index, waist circumference, abdominal visceral and subcutaneous fat areas, liver attenuation, mid-thigh low-and normal-density muscle areas and mid-thigh muscle attenuation were significantly associated with HOMA-IR. The factors that correlated with C-IMT were age, waist circumference, HOMA-IR, abdominal visceral fat area, liver attenuation, Altered lipid partitioning in the early stages of diabetes S-K Kim et al mid-thigh low-and normal-density muscle areas and midthigh muscle attenuation, but not abdominal subcutaneous fat area. In multiple regression analysis, using C-IMT as the dependent variable, age, HOMA-IR, mid-thigh low-density muscle area and mid-thigh muscle attenuation were independent factors associated with C-IMT (Table 3) . However, diabetes status, waist circumference, abdominal visceral fat area, mid-thigh normal-density muscle area and liver attenuation did not contribute to the increased C-IMT in this model. In contrast, the mid-thigh normal-density muscle area and mid-thigh muscle attenuation were independently associated with HOMA-IR (Table 4) .
Discussion
According to a model of ectopic fat deposition, 12 if the extra energy is channeled into insulin-sensitive subcutaneous depots or is burned within the liver and muscle, the individuals, although in positive energy balance, will be protected against the development of various metabolic diseases. In contrast, in cases of insulin-resistant individuals with a limited ability of adipose tissue to store the energy excess, the surplus of calories will be deposited intraabdominally and in the liver, heart and muscle, in which fat is not stored normally. A previous study by our group showed that a substantial proportion of diabetic men with normal waist circumferences had visceral obesity and that subjects having visceral obesity, regardless of a normal waist circumference, showed a higher C-IMT when compared with those with an increased waist circumference, but less visceral fat. 13 Another study reported the identification of a metabolically benign type of obesity, in which the subjects are generally obese, but have a relatively lower deposition of fat in the ectopic sites. 14 Abbreviations: ASFA, abdominal subcutaneous fat area; AVFA, abdominal visceral fat area; BMI, body mass index; C-IMT, carotid intima-media thickness; HOMA-IR, homeostasis model assessments of insulin resistance; LA, liver attenuation; TLDMA, mid-thigh low-density muscle area; TMA, mid-thigh muscle attenuation; TNDMA, mid-thigh normal-density muscle area. *Po0.05. **Po0.01. Results are from simple linear regression models. Altered lipid partitioning in the early stages of diabetes S-K Kim et al the visceral cavity, the skeletal muscle, which comprises 35-40% of body weight, and the liver are also important depots for the storage of ectopic fat. The association between the amount of fat in these sites and insulin resistance or metabolic diseases has been reported. [19] [20] [21] However, whether ectopic fat deposition in these sites, except the visceral cavity, is a causal factor or a consequence of cardiometabolic disease remains a matter of debate. This cross-sectional study offered the finding that altered partitioning of fat in muscle (greater low-density muscle area or lower muscle attenuation) and the liver (lower liver attenuation) was observed relatively early in the development of type 2 diabetes, along with an increased visceral fat mass. Considering that other groups also showed similar results in insulin-resistant obese adolescents, 22 high fat stores at ectopic sites are not a consequence of diabetes, but may be a cause. We preliminarily reported altered fat partitioning in the abdomen and muscle in a small number of subjects. 23 The current study enrolled more subjects, and confirmed these findings. In particular, a novel finding was that the lowdensity muscle area and muscle attenuation, a marker of muscle lipid content, were independently associated with a higher C-IMT. In addition, independent factors associated with insulin resistance were the mid-thigh normal-density muscle mass and muscle attenuation. This finding suggested that insulin resistance was more closely related with muscle mass to substantially dispose a great part of glucose. In contrast, liver attenuation, a maker of hepatic fat content, was not an independent factor of C-IMT and insulin resistance, although relatively strong correlations between these parameters were shown by bivariate analysis. Thus, altered lipid partitioning in skeletal muscle, as compared to any other sites, might be more important in the development of adverse phenotypes, such as insulin resistance and atherosclerosis. Although the determination of lipid content in liver and muscle by magnetic resonance spectroscopy has recently been established, 19, 24 CT is a powerful and easy-to-use in vivo imaging technique for assessing intrahepatic lipid content and skeletal muscle composition, using the attenuation values measured by CT to reflect the chemical composition of tissues. 5 The CT attenuation value in the liver is strongly correlated with fatty infiltration measured by liver biopsy. 9 In addition, the finding of lower attenuation in skeletal muscle and low-density skeletal muscle is indicative of increased fat deposition within muscle, and recent studies have confirmed the relationship between lipid content and CT attenuation values. 25, 26 It must be kept in mind that the current study was a crosssectional study and was performed only in a small number of Korean men. Compared with young patients, we expected to find a more adverse lipid partitioning in middle-aged patients. However, only a trend was observed, and the parameters for lipid partitioning were not significantly different between young and middle-aged diabetic subjects. The reason we were unable to find the difference in these parameters was probably owing to the smaller sample size. Our study showed an independent association between muscle quality and C-IMT or insulin resistance, but future cardiovascular events and mortality were not recorded, nor were more precise methods of insulin resistance, such as the clamp technique, used. Although CT is a good imaging technique for assessing body fat distribution, we did not measure lipid content using biopsy or magnetic resonance spectroscopy. Finally, we did not observe the changes in CT-determined indexes at each site according to treatment modalities and the association between these. Therefore, a prospective study is warranted to clarify the usefulness of these markers related with altered lipid partitioning.
In conclusion, ectopic accumulation of fat within the liver, visceral compartments and skeletal muscle was observed at an early stage of development of diabetes, even in young patients, although no significant difference between young and middle-aged diabetic subjects was found. In particular, altered partitioning of fat within muscle was associated with C-IMT and insulin resistance, independent of visceral fat depot. The characterization of such an adverse anthropometric phenotype may facilitate a more careful selection of individuals at higher risk of having a cardiovascular risk profile.
